Motions of cytoplasm domains in phosphoenzyme transition of Ca 2ϩ -ATPase are critical for function. Results: Rate analysis of electrostatic salt screening and mutagenesis on N and P domains combined with electric field analysis suggest electrostatics accelerate the transition.
Sarcoplasmic reticulum Ca 2ϩ -ATPase (SERCA1a), 2 a member of the P-type ATPase family, catalyzes Ca 2ϩ transport coupled with ATP hydrolysis. The enzyme is activated by the binding of two cytoplasmic Ca 2ϩ ions at the high affinity transport sites (E2 to E1Ca 2 , step 1 in Fig. 1 ) and autophosphorylated at Asp 351 with MgATP to form an ADP-sensitive phosphoenzyme (E1P, step 2), which reacts with ADP to regenerate ATP in the reverse reaction. Upon E1P formation, the two bound Ca 2ϩ are occluded in the transport sites (E1PCa 2 ). The subsequent isomeric transition to the ADP-insensitive E2P form results in rearrangements of the Ca 2ϩ binding sites to deocclude Ca 2ϩ , reduce the affinity, and open the lumenal gate, thus releasing Ca 2ϩ into the lumen (step 3). Finally the Asp 351 -acylphosphate in E2P is hydrolyzed to form a Ca 2ϩ -unbound inactive E2 state (step 4).
The enzyme consists of three cytoplasmic domains: nucleotide binding (N), phosphorylation (P), and actuator (A), and 10 transmembrane helices (M1-M10) ( Fig. 2) (1). The cytoplasmic domains move considerably and change their interfaces in conjunction with rearrangements of the helices for Ca 2ϩ transport (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . In the catalytic cycle, the transition of an autophosphorylated intermediate (EP) from E1PCa 2 to the Ca 2ϩ -released form E2P by structural change (EP transition, E1PCa 2 3 E2P ϩ 2Ca 2ϩ ) is a key rate-limiting step ( Fig. 1) . During the transition, the A domain rotates from its position in E1PCa 2 and the P domain with M4/M5 inclines to form a tight A-P domain association. Space for the A domain is created by the N domain swinging upwards at the N-P domain hinge, and the membrane helices rearrange reducing the Ca 2ϩ affinity and opening the lumenal gate (Fig. 2) .
To understand the energy coupling, it is crucial to elucidate motive forces for the domain motions; how they are produced and how they function. The critical importance of several interdomain interactions between the A and P domains is demonstrated by close contacts of residues in the E2P structure (14 -17) , but these contacts must occur after the domain motions and gathering and therefore cannot be the main driving forces. These interactions rather function to stabilize the E2P structure and also likely restrict the direction of motions to the next structural state, possibly acting as ratchets. On the other hand, for inducing and controlling the A domain motions during the EP transition and Ca 2ϩ release, the critical importance of the length of the A/M1-linker (connecting the A domain and M1) (18 -20) is well demonstrated. This linker also directs P domain motions via the associated A domain.
Other crucial questions, as yet unexplored, are how the N domain motion occurs and whether it plays an active role in the EP transition. ADP needs to be released first, since the N domain is cross-linked by ATP producing the closed N-P domain organization for phosphoryl transfer. The N domain is connected with the P domain via two short loops and no structural elements seem to induce or guide the required motion for Ϫ ⅐ADP as the E1PCa 2 analog and E2⅐AlF 4 Ϫ (TG) as the E2P analog (PDB 1T5T and 1XP5 (7), respectively). The two structures are aligned with the static M8-M10 helices. The approximate position of the transmembrane region (TM) is shown by green lines. The motions of the N, P, and A domains during the EP transition are indicated by curved arrows. The autophosphorylation site (Asp 351 ), TGES-loop of the A domain (blue loop, Thr 181 -Ser 184 that forms the catalytic site to hydrolyze E2P), the residues explored in this study, Glu 394 /Asp 399 forming the N-P domain long-range electrostatic interactions with Lys 605 , and Arg 556 and Glu 644 as the representative two residues at the N-P domain hinge are indicated. Note that the K ϩ site with bound K ϩ on the P domain moves down to the A/M3-linker (blue arrow), and likely cross-links the P domain with the A/M3-linker in E2P. Lower panel, the motions of the N (cyan) and A (green) domains relative to the P domain (pink) during the EP transition E1PCa 2 3 E2P ϩ 2Ca 2ϩ are shown with the curved arrows. For simplicity the transmembrane helices are not depicted, otherwise as in the upper panel. . The amount of E1PCa 2 was estimated at each time point during EP decay by subtracting the amount of E2P from the total amount of EP (insets). The E1PCa 2 decay thus obtained in the main panels reflects the EP transition, E1PCa 2 3 E2P ϩ 2Ca 2ϩ . Solid lines in the main panels show the least squares fit to a single-exponential. Note in KCl at 0.1-1 M (A) and 0.1 M KCl plus 0.6 M LiCl (C), almost all EP was the ADP-sensitive form (E1PCa 2 ) at steady state and during the EP decay (insets, in A as an example with 0.1 M KCl), because the rate-limiting E1PCa 2 to E2P transition is followed by the rapid E2P hydrolysis in the K ϩ -bound ATPase (31) . Na ϩ gave the same kinetic effects as K ϩ . Thus in K ϩ and Na ϩ , the decay in the total amount of EP actually reflects the ratelimiting E1PCa 2 to E2P transition. On the other hand, in LiCl at 0.1-1 M without K ϩ (B), a substantial amount of E2P in the total amount of EP accumulated at the steady state because of the slow E2P hydrolysis without the bound K ϩ (see for example, at 0.1 M in the inset). E2P accumulated largely in choline-Cl without K ϩ and in the absence of salts, as in LiCl (data not shown). Note also, in LiCl at 0.6 M with 0.1 M KCl (C), E2P accumulation was as low as in KCl (A), therefore Li ϩ even at the high concentrations does not inhibit (or substitute) K ϩ binding. creating the space for the A domain. Then, if thermal motions contribute (8, 10, 11) , some mechanism of transforming an isotropic fluctuating motion into one appropriately directed would be essential for efficient functional coordination of the motions.
In this study, we therefore explored a possible role of electric force in the N domain motion by combining electrostatic screening with salts, mutations, and computer analysis of the electric field of the protein by a program APBS (adaptive Poisson-Boltzmann solver), which evaluates the electrostatic properties and interactions of nanoscale biomolecular systems in aqueous media at varying salt concentrations (21) . We show that the N-P domain long-range electrostatic interactions markedly accelerate the EP transition probably by directing the N domain toward the P domain at their hinge, thereby opening up space for the in-swinging A domain. We also reveal residues on the N and P domains generating the critical long-range electrostatic interactions and the role of K ϩ specifically bound to the P domain of the ATPase for inducing the proper and efficient structural change. In general, the contribution of longrange electrostatic interactions between charged residues on the surface of the protein to enzyme catalysis have not received much attention because they are thought to be substantially masked by solvent. However, by using a systematic approach, we reveal the existence of such interactions in the Ca 2ϩ -pump and how they play a crucial role in domain dynamics. The approach may be usefully applied to elucidating electrostatics influences on structural transitions in other enzymes.
EXPERIMENTAL PROCEDURES

Mutagenesis and Expression-QuikChange
TM site-directed mutagenesis (Stratagene) was utilized for the substitution of residues in rabbit SERCA1a cDNA. The KpnI-SalI restriction fragment was ligated back into the corresponding region in the full-length SERCA1a cDNA in the pMT2 expression vector (17) . The pMT2 DNA was transfected into COS-1 cells with Lipofectamine TM and plus reagent (Invitrogen). EP Formation and Transition-Microsomes expressing the wild type or mutant SERCA1a (20 g/ml) prepared from the (PDB 3B9B (9), the E2P ground state analog with bound Na ϩ (in place of K ϩ ); right panel) are depicted for the wild type with the residues explored in this study. The models are viewed from the side opposite the phosphorylation site and the A domain, and shown with van der Waals spheres (center and right panels) and a schematic model (left panel, in which the A domain is omitted for simplicity). In the center and right panels, the electric field lines revealed by computer analysis of electric potential are colored from red to blue (Ϫ1T/e to 1T/e J/coulomb (red is negative, blue is positive, and white is neutral), in which is the Boltzmann constant, T is the temperature, and e is the electron charge). bound at the catalytic site and ADP at the nucleotide binding site are indicated in blue and yellow, respectively. The three residues directly involved in the N-P domain long-range electrostatic interactions (Glu 394 /Asp 399 and Lys 605 ) and four charged residues at the N-P domain hinge (Arg 556 , Asp 557 , Arg 638 , and Glu 644 ) are indicated. B, the enlarged view of the N-P hinge region, in which the four residues (Arg 556 , Asp 557 , Arg 638 , and Glu 644 ) that potentially form ion pairs (green dashed lines) between the N (cyan) and P (pink) domains are indicated. C, the electrostatic potential of the N and P domain surface is colored from red to blue (Ϫ5T/e to 5T/e J/coulomb (red is negative, blue is positive, and white is neutral), in which is the Boltzmann constant, T is the temperature, and e is the electron charge. For simplicity, the potential on the A domain is not depicted.
COS-1 cells (17) were phosphorylated with 10 M [␥-
32 P]ATP for 20 s at 0°C in MOPS/Tris (pH 7.0), 7 mM MgCl 2 , 10 M CaCl 2 , 3 M A23187, and various concentrations of monovalent salt. The phosphorylation was terminated by adding an equal volume of a solution containing 2 mM EGTA without CaCl 2 and [␥-
32 P]ATP otherwise as described above. At various time points, the total amount of EP was determined following the addition of trichloroacetic acid. The amount of E2P was determined by adding an equal volume of a solution containing 2 mM ADP and 5 mM EGTA without CaCl 2 and [␥-
32 P]ATP otherwise as described above, followed by trichloroacetic acid addition at 1 s after the ADP addition (Fig. 3) . The amount of EP was quantified with digital autoradiography after separation by 5% SDS-PAGE at pH 6.0 according to Weber and Osborn (22), as described previously (17) .
Basis for Plotting Logarithm of Rate Versus Square of Mean Activity Coefficient-Total electrostatic interaction energy of interacting solutes i and j in a whole system (E electric ) can be described as the sum of each interaction energy (E ij ).
Here n i and n j are the number of i and j, respectively, which are proportional to their concentrations c i and c j , therefore,
Ionic solutes in an ionic solution do not behave ideally even at low concentrations. Their charges are shielded by surrounding ions in the environment, and therefore for understanding the behavior of the solute, its activity (a) rather than concentration (c) is utilized in a real system. In general, an increase in ionic strength decreases the activity of the solute thereby attenuating its electrostatic interaction energy. By using the mean activity coefficient of solutes (␥ Ϯ ), the activity is given as Equation 3 .
The electrostatic interaction energy is therefore proportional to the square of the mean activity coefficient.
For a protein with its concentration c, the electrostatic interaction energy between the positively charged and negatively charged residues is described.
The mean activity coefficient ␥ Ϯ can be estimated according to the specific ion interaction theory as described below. Estimation of Mean Activity Coefficient-In the specific ion interaction theory, an extension to the Debye-Hückel theory (23) (24) (25) , the activity coefficient of an ion, e.g. j (␥ j ), in a solution with an ionic strength I is expressed.
Here z, b, and c are the electric charge of j, the specific ion interaction theory parameter (i.e. the interaction coefficient of salts), and the concentration of an interacting salt ion k in the environment, respectively. The first term comes from the Debye-Hückel theory. The second term with the specific ion interaction theory parameter shows how the contribution of "interaction" is dependent on the concentration c k . Thus, the specific ion interaction theory parameter is used as a correction to the first term derived from the Debye-Hückel theory. According to this equation and the fact that all the charges in the protein are monovalent (z ϭ 1), the mean activity coefficient of protein in ionic solution was estimated as follows.
In the experiments, the ionic strength was varied with the chloride salt of monovalent cations (M and Ca 2ϩ ), therefore we divided the second term (correction factor) into variable and constant (const) terms, and considered the negatively charged residues and positively charged residues,
for negatively charged residues, and
for the positively charged residues.
By adding these two equations, the mean activity coefficient of protein is defined as Equation 9 .
We first calculated the ␥ Ϯ 2 value solely according to the DebyeHückel theory (the first term) without taking into account the second (correction) and third (constant) terms, and plotted the logarithm of the EP transition rate versus ␥ Ϯ 2 thus estimated.
The plot showed a very good linear relationship. Nevertheless, we employed the second term (without third term) by estimating b jMCl by best fit in a linear regression. The values b jMCl thus estimated were actually very small, i.e. 0.03, 0.01, Ϫ0.01, and Ϫ0.01 for KCl, LiCl, NaCl, and choline-Cl, respectively, showing the plots almost identical to those without the second and third terms. Homology Modeling and Electric Potential Calculation-Homology models of SERCA1a mutants were generated from SERCA1a PDB files by the program MODELLER (26) . PDB format files of the wild type and mutants were converted by the PDB2PQR server to PQR format files that possess information on per-atom charge and radius (27) , and then applied to the simulation program APBS to calculate the electric potential on the three-dimensional structure in aqueous media containing salt (21) . In APBS, the parameters were set to 78.58, 2, 0.15 M, and 298.15 K for the dielectric constant (relative permittivity) of water at 25°C, that of the protein (28) , the concentration of salts, and temperature, respectively. Three-dimensional models of SERCA1a and its mutants were reproduced and electric field lines were visualized by the program VMD (29). Ϫ ⅐ADP (PDB 1T5T) that possesses specifically bound K ϩ . To reveal possible maximum effects of the mutations on the K ϩ -site structure, the modeling was performed without K ϩ coordination (by omitting the K ϩ ). Nevertheless, the overall structure of the ATPase molecule (not shown) and the configurations of the residues for the K ϩ coordination (depicted in this figure) in the mutants are almost identical with those in the wild type. The K ϩ (lime sphere placed at the wild-type position) and the residues likely involved in the K ϩ coordination (blue dashed lines with the coordination length (Å) in the wild type) are shown for the wild type (WT in upper and lower panels; red for oxygen atom, blue for nitrogen atom, cyan for carbon atom) and for the mutants with the respective single colors (lower panel). Note that the configurations in all the mutants superimpose very well with those in the wild type.
Miscellaneous-Protein concentrations were determined according to Lowry et al. (30) . Data were analyzed by nonlinear regression using the program Origin (Microcal Software, Inc.).
RESULTS
Salt Concentration Dependence of EP Transition-To explore effects of ionic strength and monovalent cations on the EP transition E1PCa 2 3 E2P ϩ 2Ca 2ϩ , we determined the EP transition time course using 0.1-1 M monovalent chloride salts (see representative ones in Fig. 3 ). These transition rates (k 3 ) are summarized in Fig. 4A . The rate in 0.1 M KCl and NaCl was much higher than that in the absence of salt, showing a marked acceleration of the EP transition by K ϩ (Na ϩ ). The binding of K ϩ (Na ϩ ) to a specific site on the P domain is known to occur below this concentration range and to accelerate E2P hydrolysis (5, 31, 32) . The K ϩ acceleration occurs in a lower concentration range compared with that for Na ϩ , the effect is nevertheless, apparently saturated by 0.1 M for both cations (31) . Evidently, another consequence is to accelerate the EP transition from E1PCa 2 to E2P, as found here.
With increasing KCl (or NaCl) above 0.1 M, the rate decreased markedly. The rate in LiCl was somewhat higher than that in the absence of salt, and did not change in the 0.1-1 M range. The rate in 0.1-1 M choline-Cl was close to that without salts, suggesting no choline ϩ binding. In contrast, with increasing LiCl and choline-Cl in the presence of 0.1 M KCl (Fig.  4B) , the rate decreased markedly with the same concentration dependence as in KCl or NaCl, thus showing that in the ATPase with specifically bound K ϩ (or Na ). The half-effective concentrations of K ϩ (K 0.5 ) thus determined are described in the panels. Note that K ϩ has dual effects on the EP transition kinetics as revealed in this study: the acceleration due to its specific binding and the retardation due to the increase in ionic strength (the loss of electric acceleration energy, even below 0.1 M). Note also that E2P hydrolysis is accelerated by the specific K ϩ binding and further accelerated at higher K ϩ concentrations, i.e. even in the Ca 2ϩ -ATPase with specifically bound K ϩ (37). Actually we found under our conditions that such complicated K ϩ -dependent kinetics made it difficult to estimate the high K ϩ affinity at its specific site. On the other hand, the steady state E2P level formed from the E2 state with P i was previously observed to be sensitive to K ϩ (38) and actually shown clearly here to be largely and saturably reduced by the high affinity K ϩ binding in low K ϩ concentration range most probably at its specific site, therefore we employed this method.
Log Rate Versus Square of Mean Activity Coefficient ␥ Ϯ
2 -The logarithm of rate is a linear function of activation energy. Electrostatic energy between interacting charges is expected to be proportional to the product of activities of the charges and therefore to the square of the mean activity coefficient ␥ Ϯ 2 (see "Experimental Procedures"). Hence a plot of the logarithm of rate versus ␥ Ϯ 2 would give a linear relationship and thereby divide the activation energy into two components, an electrostatic force and a non-electrostatic force; i.e. the slope reflects the amplitude of the contribution of electrostatic energy, and the intercept at ␥ Ϯ 2 ϭ 0 reveals the contribution of non-electrostatic energy because these are conditions in which the electrostatic interactions that are able to be screened on the protein surface are completely shielded by salt. Note here that electrostatic forces of residues within the protein, inaccessible to salts, and formed by close strong contacts even on the protein surface are not shielded. In Fig. 5 , plots of the data in (Table 1 ). In contrast, without K ϩ , the slope was nearly zero in LiCl or slightly negative in choline-Cl, showing apparently no effect or a negative effect of an electrostatic component. Notably also, the intercept at ␥ Ϯ 2 ϭ 0 in KCl and NaCl as well as in LiCl and choline-Cl with 0.1 M KCl was much lower than that in LiCl and choline-Cl without KCl, showing that a substantial non-electrostatic restriction is produced by K ϩ (Na ϩ ) binding for the EP transition. Thus at ϳ0.1 M K ϩ (physiological conditions), the bound K ϩ markedly accelerates the EP transition as a consequence of an electrostatic effect overcoming a non-electrostatic restriction.
Disruption of N-P Domain Electric Field and of Electrostatic Acceleration of EP Transition by Mutations-Interdomain
bonds by charged residues seen in crystal structures have been revealed by mutation and kinetic studies to be critical for particular intermediates via stabilizing the domains' contact at the interface (or bound ATP) (14 -16, 33, 34) . Distinct mutation effects observed even under a limited ionic strength are evidently due to serious disruption of short-distance high energy interactions (as the energy is high over a short distance but falls off with distance), and thus clearly demonstrated the structural roles of the charged residues.
On the other hand, long-range electrostatic interactions of residues on a protein surface possessing low interaction energy and being exposed to solute may be sensitively screened and revealed by electrostatic salt screening in combination with mutations. During the EP transition the N and P domains only have contact at the joining hinge, but need to move relative to each other to create space for the incoming A domain (Fig. 2) . Therefore to explore the structural mechanism involved in the electrostatic acceleration of the EP transition, we examined the surfaces of the N and P domains and their relative motions. First, we inspected electric field lines on the N and P domains in crystal structures by APBS computer analysis of the electric potential, which incorporates the contribution of surrounding water molecules (by the dielectric constant of water) and salt (by its concentration) as described under "Experimental Proce-FIGURE 11. Electric field lines on N and P domains of the wild type and representative hinge mutants. Three-dimensional structural models of the representative two hinge mutants were constructed from the wild-type structure E1Ca 2 ⅐AlF 4 Ϫ ⅐ADP (PDB 1T5T) (7), and the N (cyan), P (pink), and A (yellow) domains were shown with the electric field lines, otherwise as in Fig.  6 Ϫ , see more in Fig. 12 ). The four residues at the N-P domain hinge are indicated on the wild type.
dures" (Fig. 6) . The electric field lines represent the electric force due to electric charges, which can act over great distances and along which an isolated charge would move were it free to do so.
In Figs. 6 and 7) . We therefore examined the effects of disruption by mutations both in the wide-range electric field and in the hinge region. It should be noted that at the N-P domain hinge the selected two-ion pair mutations are the only available pairs in this region, i.e. only the possible close contact residues between the N and P domains. Note also that all the mutations are spatially distant from, in fact at the back of, the nucleotide/catalytic sites and stimulatory K ϩ site (Fig. 7) , and therefore are unlikely to disrupt directly these sites.
First, on the N-P domain hinge residues, we introduced opposite charges. The EP transition rate in the mutants was determined at 0.1-1 M KCl and plotted as its logarithm versus ␥ Ϯ 2 (Fig. 8) . As summarized in Table 2 , all the single mutations decreased the slope compared with the wild type, indicating that the mutations disrupted the electrostatic energy. The swap mutation R556E/E644R restored the slope to the wild type, but D557R/R638D did not. The results indicate that the charged residues at the N-P hinge are critical for electrostatic acceleration of the EP transition, and that the possible ion pairs Arg 556 -Glu 644 and Asp 557 -Arg 638 do not seem directly involved (although a contribution from Arg 556 -Glu 644 cannot be ruled out). Note that these mutations do not disrupt the K ϩ -site structure (Fig. 9) nor the high K ϩ affinity (Fig. 10) . The computer simulation showed that all the single mutations at the hinge disrupt the long-range N-P domain (Figs. 11 and 12 ). The swap mutation R556E/E644R, but not D557R/R638D, restored the . Thereby the electrostatic acceleration of the EP transition is achieved.
We then introduced opposite charges to Glu 394 , Asp 399 , and Lys 605 to disrupt directly the N-P domain long-range interactions (Fig. 12) . We found a marked decrease in the slope of the log k 3 versus ␥ Ϯ 2 plot ( Fig. 13 and Table 2 ). The disruption was much clearer than that by the hinge mutations. The results confirm a critical role of the Glu 394 /Asp 399 -Lys 605 long-range N-P domain electrostatic interactions in accelerating the structural changes occurring in the EP transition. It should be noted that the slope in these mutants was, however, not completely zero suggesting possible involvement of some other screenable ionic interactions, nevertheless, the Glu 394 /Asp 399 -Lys 605 interactions make the major contribution to the acceleration of the EP transition.
DISCUSSION
Log Rate Versus Square of Mean Activity Coefficients ␥ Ϯ 2 -High-salt treatment is generally used to attenuate electrostatic interactions on proteins. The difficulty has been to process the data in a manner that reveals their significance. A critical role of electrostatic interactions in the association of barnase with its inhibitor protein barstar was demonstrated by the linear relationship that exists between the logarithm of association rate constant versus the logarithm of mean activity coefficient, log ␥ Ϯ , which is directly related to "electrostatic potential" (28, 35) . An extrapolate at a very high salt concentration was taken as the basal association rate constant in the absence of electrostatic forces (although the extrapolate is not at the "zero" mean activity coefficient that really reflects the state in the complete absence of electrostatic forces). We employed here the logarithm of rate versus the square of mean activity coefficient ␥ Ϯ 2 and found a linear relationship, permitting, with salt screening, division of the activation energy into two components, electrostatic and non-electrostatic. Use of our new plot allowed us to define two specific roles of K ϩ bound to the ATPase, namely to restrict the EP transition and to generate an electrostatic environment that overcomes the restriction and accelerates the reaction.
Restriction by Specifically Bound K ϩ -We previously found (36) that K ϩ bound specifically at the bottom part of the P domain stabilizes the E1PCa 2 structure with occluded Ca 2ϩ , thereby helping to avoid futile Ca 2ϩ release without a change in the high affinity. The stabilization probably occurs by preventing fluctuating motions of the top parts of M4/M5 embedded in an ␣/␤ network in the P domain. In E2P, on the other hand, the bound K
ϩ stabilizes an open lumenal gate with reduced Ca 2ϩ affinity thus permitting rapid Ca 2ϩ release (E2PCa 2 3 E2P ϩ 2Ca 2ϩ ) and establishing appropriate lumenal and cytoplasmic Ca 2ϩ levels (17) . The Ca 2ϩ -released distorted E2P structure is probably stabilized by a K ϩ -mediated interaction network between the P domain K ϩ -site (32) and the A/M3-linker resulting from the E1PCa 2 3 E2P large structural change; i.e. P domain inclination and A domain rotation, which brings them from their distant positions (Fig. 2) . Thus for efficient Ca 2ϩ transport, the structural change E1PCa 2 3 E2P ϩ 2Ca 2ϩ should occur in a precise restricted manner. Our present findings show that the required steric change is provided by the specifically bound K ϩ albeit with an energy cost, namely, a marked increase in a non-electrostatic component of the activation energy.
Roles of N-P Domain Electrostatic Interactions and Specifically Bound K
ϩ -The long-range N-P domain electrostatic interactions occur around the connecting hinge at the back of the N/P domains and on the opposite side of the A domain position (Figs. 6 and 7) . The direction of the electric field lines linking the N and P domains in E1PCa 2 seems ideal for the N domain to track toward the P domain. Mutations at the hinge as well as those of residues directly involved (Lys 605 and Glu 394 / Asp 399 ) perturbed in parallel the electric field and the electrostatic component of the activation energy. Hence the N-P domain long-range electrostatic interactions are crucial for accelerating the structural change in the EP transition, probably by directing the appropriate N domain motion toward the P domain at their hinge, opening a space at the opposite side and allowing the A domain to rotate into the opened N-P domain space and associate with the P domain (Fig. 2) .
Note again that the required structural change is due to the specific binding of K ϩ (Na ϩ is able to substitute for K ϩ under non-physiological conditions). The slopes of the log k 3 versus ␥ Ϯ 2 plots in Fig. 5 , reflecting the electrostatic component of the activation energy, are almost zero in LiCl or rather negative in choline-Cl. Without the K ϩ , the E1PCa 2 and E2P structures are unstable as noted above (17, 36) , and the transition between them could occur as a loose, functionally inefficient steric change, where the N-P domain electrostatic interactions could actually restrict, or act as a barrier, for the domain motions. At the physiological ϳ0.1 M K ϩ , the bound K ϩ markedly accelerates the EP transition probably by allowing a sterically restricted precise domain motion in the proper direction guided by the N-P domain electrostatic interactions, thereby accomplishing efficient Ca 2ϩ transport.
Quantitative Examination of Transition State Stabilization and Electrostatic Interaction Energy-The reduction in the activation energy, ⌬⌬G
‡ , due to screening in 0.1 M KCl was estimated to be Ϫ7.4 kJ/mol, which is ϳ10% of the whole activation energy, a bit small to be the sole motive force but evidently still responsible for the marked acceleration ( (Table  4) . In a real situation, the surface permittivity lies between these two extreme cases. Nevertheless, we found that the electrostatic interaction energy, estimated as a minimum value using the extreme water permittivity assumption, is in the same order of magnitude as ⌬⌬G ‡ . Actually, the true electrostatic interaction energy is greater since the permittivity of the protein surface must be lower than that of water.
This quantitative analysis is consistent with our conclusion that the N-P domain electrostatic interactions function to accelerate the structural change E1PCa 2 3 E2P ϩ 2Ca 2ϩ . The enhancement is probably expedited by control of the proper N domain motion toward the P domain. As noted above, ⌬⌬G ‡ due to the electrostatic energy is obviously too small to be the sole motive force. A large proportion may come from the thermal Brownian motion but then, for efficiency, the isotropic motion needs to be converted into anisotropic motion. The N-P domain electric field likely assists by guiding the N domain motion and thus accelerates the functionally required proper domain motion in the EP transition. 1 and q 2 are the charges of the residues, and ⑀ 0 and ⑀ r are the vacuum permittivity and the relative permittivity. ⌬E electrostatic is the difference in the electrostatic energy between the E1PCa 2 and E2P states, and reflects the stabilization of the product state E2P relative to the initial state E1PCa 2 . Because it is not possible to evaluate the exact ⑀ r value of the solution or more precisely, that of the protein surface of our interest in solution, and because the value changes region by region on the protein surface, we assumed two extreme cases: first, each of the interacting free amino acids is completely surrounded by water molecules and thereby ⑀ r ϭ 87.74 for water at 0°C; in the other case the two residues are interacting in protein where typically ⑀ r ϭ 2 (28) . The ⑀ r value on a protein surface in solution is generally expected to be between these two extreme cases. Namely, in a real situation, residues on a protein surface are exposed to and surrounded by water molecules but not completely. Therefore the charged residues on a protein surface are able to produce electric fields over a wide surface region and form long-range electrostatic interactions (Figs. 6, 7C, 11, and 12) . Consistently, we found that mutations over a wide surface region of the N and P domains (i.e. Glu 394 /Asp 399 and Lys 605 and the residues at the N-P domain hinge region) disrupt the N-P domain electric field and the acceleration of the EP transition. 
